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Porous nanoarchitectures of spinel-type transition
metal oxides for electrochemical energy
storage systems
Min-Sik Park,†a Jeonghun Kim,†b Ki Jae Kim,a Jong-Won Lee,*c Jung Ho Kim*b
and Yusuke Yamauchi*de
Transition metal oxides possessing two kinds of metals (denoted as AxB3xO4, which is generally defined
as a spinel structure; A, B = Co, Ni, Zn, Mn, Fe, etc.), with stoichiometric or even non-stoichiometric
compositions, have recently attracted great interest in electrochemical energy storage systems (ESSs).
The spinel-type transition metal oxides exhibit outstanding electrochemical activity and stability, and
thus, they can play a key role in realising cost-effective and environmentally friendly ESSs. Moreover,
porous nanoarchitectures can offer a large number of electrochemically active sites and, at the same
time, facilitate transport of charge carriers (electrons and ions) during energy storage reactions. In the
design of spinel-type transition metal oxides for energy storage applications, therefore, nanostructural
engineering is one of the most essential approaches to achieving high electrochemical performance in
ESSs. In this perspective, we introduce spinel-type transition metal oxides with various transition metals
and present recent research advances in material design of spinel-type transition metal oxides with
tunable architectures (shape, porosity, and size) and compositions on the micro- and nano-scale.
Furthermore, their technological applications as electrode materials for next-generation ESSs, including
metal–air batteries, lithium-ion batteries, and supercapacitors, are discussed.
1. Introduction
Efficient energy production and its trustworthy supply are the
most urgent issues in our daily lives because of the rapid
depletion of fossil fuels in recent years. There is no doubt that
our energy consumption will increase continuously due to the
widespread development and utilisation of various electricity-
thirsty products. Nevertheless, most electrical energy is still
produced via combustion of fossil fuels with limited natural
resources, which causes significant environmental pollution.
Therefore, clean energy production from renewable energy
sources such as solar, wind, and hydropower has been
extensively studied by many researchers and scientists.1–5 At
the same time, the high demand for portable electronic devices,
electric vehicles (EVs), and large-scale stationary energy storage
systems will further promote the rapid growth of energy storage
markets.
In these circumstances, the electrochemical energy storage
systems (ESSs), such as lithium-ion batteries,6–10 metal–air
batteries,11–15 electrochemical capacitors,16–20 and redox flow
batteries,21–25 have attracted worldwide attention due to
their promising energy storage capabilities (Fig. 1). Most
importantly, they can efficiently store electrical energy in the
form of chemical energy and reversibly convert the stored
energy into electrical energy without causing any pollution
problems. In the near future, therefore, ESSs are expected to
serve as a core technology that can improve the quality of
human life by resolving environmental issues. The ESSs need
to fulfill many requirements, for instance, high energy den-
sity, long-term stability, cost-effectiveness, design flexibility,
good safety, and easy processability, which are determined by
the physicochemical and electrochemical properties of the
electroactive materials composing the ESSs.26–45 For this
reason, many researchers have focused on the development
of newly designed materials for sustainable energy storage
applications.
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Among the various materials for ESSs, transition metal oxides
with stoichiometric or even non-stoichiometric compositions,
with a structure defined as the spinel structure (denoted as
AxB3xO4 (A, B = Co, Zn, Ni, Fe, Cu, Mn, etc.)), have recently
attracted great interest due to their low cost, easy synthesis, high
electrochemical activity and stability, and easy control of
morphologies (details of a spinel structure will be discussed in
the next section). Thus, many kinds of mixed metal oxide
composites with a spinel structure have been explored and
synthesised for practical use in ESS applications. In particular,
the shape and size control of the spinel-type transition metal
oxides has been regarded as a useful strategy to improve the
electrochemical performance of ESSs. To date, various spinel-
type transition metal oxides with diverse shapes in micro- and
nano-scale forms, including nanoparticles,46–48 nanoneedles,49
nanosheets,49–51 nanowires,52–56 nanorods,57 nanocubes,58,94
nanofibres,59 nanotubes,60,61 polyhedral structures,62,63,93 hierarch-
ical structures,58,92 hollow structures,58,64,97 and core–shell struc-
tures,65,96,97 have been synthesised and utilised as electroactive
materials for ESSs.98
The porous nanoarchitectures constructed by various mor-
phological strategies have proved to be highly desirable for
energy storage materials used for practical ESSs. Generally, it is
well-known that a porous structure enables bulk materials to
have a greatly increased surface area. The tunability of the pore
size and its distribution should also be considered together,
since these parameters govern transport kinetics during
charge/discharge processes. More importantly, a high surface
area and appropriate pore size distribution can provide a large
number of active sites for electrochemical redox reactions, as
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well as effective transportation paths for enhanced kinetics of
electroactive species. To realise high-performance ESSs, there-
fore, it is of great importance to not only develop novel
transition metal oxides with a spinel structure, but also to
discover suitable morphological designs.
Recent research work has been intensively extended to the
development of various mesoporous materials through different
soft- or hard-framework/template methods. For example, the
templating methods have been utilised for the creation of uni-
form pore sizes and their distribution, which are precisely
changed by the original nanostructure of the templates that
are used. Using a framework normally requires a multiple-step
process, however. In addition, this method is not suitable for
mass-production towards practical applications. Interestingly,
mesoporous spinel-type transition metal oxides can be easily
obtained without the templates mentioned above. For example,
Hwang et al.66 reported a formation process for single- and
double-walled hollow fibres via combustion reactions. The
underlying formation mechanism is associated with the differ-
ence in migration rates of cationic elements and consequently
different grain growth behaviours during calcination.
In this perspective, we introduce the spinel-type transition
metal oxides and their practical applications in various ESSs
(metal–air batteries, lithium-ion batteries, and supercapacitors).
Fig. 1 Representative illustration of spinel-type transition-metal oxides based on various shapes and their applications in next-generation electro-
chemical energy storage systems (i.e., supercapacitors, lithium ion batteries, and metal–air batteries).
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In particular, the beneficial roles of porous nanoarchitectures in
achieving high electrochemical performance are addressed with
deeper insights. This perspective will also give practical guide-
lines for surpassing the current problems that we are facing for
developing advanced ESSs.
2. General aspects of spinel-type
transition metal oxides
Ternary spinel-type transition metal oxides are described by the
general formula of AB2O4, where A and B are divalent and
trivalent metal cations, respectively.67 Also, the chemical formula
for spinel structured metal oxides can be denoted as AxB3xO4
(A, B = Co, Zn, Ni, Fe, Cu, Mn, etc.). The spinel structure consists
of a cubic close-packed array of oxide ions, in which one-eighth
of the tetrahedral sites and one half of the octahedral sites are
occupied by cations.68–70 The structure of Co3O4 spinel is illu-
strated as an example in Fig. 2a. The distribution of the cations
between these two sites is highly dependent upon the nature of
the cations incorporated into the structure. In normal spinels,
the divalent A and trivalent B cations occupy the tetrahedral and
octahedral sites, respectively, as in Co3O4, i.e., [Co
2+][Co3+]2O4. In
inverse spinels, on the other hand, half of the trivalent B cations
reside on the tetrahedral sites, and the remaining trivalent B and
divalent A cations occupy the octahedral sites as in Fe3O4, i.e.,
[Fe3+][Fe3+Fe2+]O4.
Spinel-type transition metal oxides can accommodate a wide
range of cations with more than one oxidation state between
the tetrahedral and octahedral sites, and thus, their physical,
chemical, and electrochemical properties are determined by
the types of cations as well as the compositions and site
occupancies.71–73 In a recent study using first-principles calcula-
tions, for example, Ndione et al. examined the relationship
between cation distribution (disorder) and electrical conductivity
for the normal spinel ZnCo2O4 and the inverse spinel NiCo2O4.
74
Their key findings indicate the following: (i) NiCo2O4 exhibits
higher conductivity than ZnCo2O4; and (ii) the p-type carrier
density increases with increasing octahedral site-occupancy of
the A atoms (Zn or Ni), leading to semiconducting behaviour in
the normal spinel ZnCo2O4, but to half-metallic behaviour in the
inverse spinel NiCo2O4. In addition to the electrical behaviour,
the catalytic properties of spinel-type transition metal oxides
towards chemical or electrochemical reactions (e.g., Co oxida-
tion, oxygen reduction/evolution, and redox conversion of NO
and CO mixtures) have been found to be determined by the
nature of the surface, namely, the atomic arrangement and
coordination on the oxide surface.75–80 Xiao et al. synthesised
Co3O4 nanocrystals with different exposed surfaces on graphene
sheets and studied the dependence of the electrocatalytic activity
on the surface structure.78 The surface atomic configurations in
the {100}, {111}, and {110} planes are shown in Fig. 2b–d,
respectively. They found that the Co2+ ions on the surface serve
as the catalytically active sites for electrochemical oxygen reduction
in 0.1 M KOH and that the electrocatalytic activity depends on the
detailed surface structure of the Co3O4 nanocrystals: namely, the
activity increases in the order of {110} { {100} o {111}. As will be
discussed later, numerous researchers have devoted their efforts to
synthesizing spinel-type transition metal oxides and tailoring their
properties for use in various fields, particularly in electrochemical
energy storage applications, including metal–air batteries, lithium-
ion batteries, and supercapacitors.
As in the case of other oxides, the traditional synthesis
methodology of spinel-type transition metal oxides is based
on the solid-state route, i.e., formation of spinel-type transition
metal oxides via thermal decomposition of metal precursors at
high temperatures under oxidizing conditions. Such a solid
state method, however, requires elevated temperatures and/or
long synthesis time to produce the desired spinel structures.
Generally, it leads to the formation of large crystallites with very
low surface areas and porosity, which would make them
unsuitable for use as electroactive materials for energy storage
applications. Given that the electrochemical properties of
spinel-type transition metal oxides are highly sensitive to their
material characteristics, a large number of low-temperature
synthesis procedures have been developed for the fabrication
of spinel-type transition metal oxides with controlled composi-
tion, crystal structures, surface morphologies, and porous
structures.50,81–88 Although Section 3 provides details of the
preparation of spinel-type transition metal oxides and their
applications in specific ESSs, here, we highlight the most recent
progress in the synthesis of spinel-type transition metal oxides
with controlled phases and porous/morphological characteristics.
Chen and his co-workers reported a synthesis methodology for
Co3xMnxO4 spinel nanoparticles with tailored structural sym-
metry and compositions via a solution-based route.89 As shown in
Fig. 3, this synthesis process involves a room-temperature oxida-
tion precipitation of Mn/Co salts with NH3 H2O in an air atmo-
sphere, followed by crystallisation into spinels at 180 1C. The
nanosized spinel crystallites (B10 nm) were synthesised, and,
more importantly, their crystallographic phase (cubic or tetragonal)
and composition could be independently controlled by adjusting
the molar ratio of Co/Mn precursors. The tetragonal spinel was
obtained in a composition range of 1 o x o 3, whereas the cubic
form was synthesised for 0 o x o 2.
It is of great importance to develop strategies to fabricate
nanostructured spinel-type transition metal oxides with tailored
Fig. 2 (a) Crystal structure of normal spinel Co3O4 and (b–d) surface
atomic configurations in the {100}, {111} and {110} planes. Reprinted with
permission from ref. 78. Macmillan Publishers Ltd.
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morphologies and porous structures. Rosen et al. prepared a
Co3O4 spinel that has an ordered mesoporous structure, very high
surface area, and highly crystalline spinel walls.90 Mg-substituted
Co3O4 with three-dimensional ordered mesoporous structure was
first fabricated through a hard-templating method, followed by an
Mg2+ leaching process. In the latter step, approximately a third of
the Mg cations were removed, leading to the formation of a
highly porous spinel oxide structure. The materials had a uni-
form pore size distribution (B3.7 nm) and a surface area as high
as 102 m2 g1. Ordered mesoporous spinels of MCo2O4 (M = Cu,
Mn, and Ni) with crystalline walls were also synthesised by Zhu
and Gao.91 In this work, a nanocasting pathway was developed
using concentrated metal nitrate solutions as precursors and
mesoporous silica SBA-15 as the hard template. The precursor
solutions were infiltrated into the pore channels of the silica
template, and then, mesoporous spinel-type transition metal
oxides with high surface areas (91–129 m2 g1) and large pore
volumes (0.35–0.41 cm3 g1) were obtained after a mild thermal
treatment and removal of the silica template (Fig. 4a and b).
Wu et al. discovered a method for preparing mesoporous
Ni0.3Co2.7O4 with hierarchical structure. No template or surfac-
tant is used, and hence, the procedure is simple and suitable
for large-scale synthesis.92 A metal oxalate hydrate precursor
(Ni0.1Co0.9C2O4nH2O) with hierarchical structure was first
synthesised via precipitation in the presence of oxalate ions
and then was calcined to form Ni0.3Co2.7O4. The synthesised
particles showed a highly porous texture and a dandelion-like
morphology composed of numerous rod-like subunits, in which
the rod-like building blocks were composed of nanoparticles with
sizes of a few tens of nanometers (Fig. 4c and d). Zhou and
co-workers reported a simple and scalable strategy to fabricate
highly porous ZnxCo3xO4 hollow polyhedra composed of
nanosized building blocks (Fig. 4e and f).93 The method
involves a morphology-inherited and thermolysis-induced
transformation of hetero-bimetallic zeolitic imidazolate frame-
works (ZIFs). That is, the polyhedral ZIFs were first obtained by
the reaction of 2-methylimidazole with divalent Zn ions and Co
ions in a methanol solution at room temperature, and then,
porous ZnxCo3xO4 hollow polyhedra with a high surface area
(B65.6 m2 g1) were obtained through a thermally induced
oxidative decomposition process. Interestingly, the porous
hollow structure exhibited a bimodal pore size distribution at
B4 and B9 nm. In addition, Guo et al. reported the prepara-
tion of hollow ‘‘crossed’’ NiCo2O4 nanocubes through the
fabrication of amorphous hollow (NiCox)O(OH) nanoboxes
combined with subsequent calcination (Fig. 4g and h).94
In recent years, a non-equilibrium heat-treatment process
has been widely used to fabricate core–shell structured and/or
hollow metal oxide spheres.58,95,96 Li et al. synthesised porous
cubic spinel Mn1.5Co1.5O4 core–shell microspheres composed
of a B400 nm-thick shell and a core with a diameter of B2.5 mm
(Fig. 4i and j).65 First, Mn0.5Co0.5CO3 microspheres were pro-
duced by a urea-assisted solvothermal process. Then, the
Mn1.5Co1.5O4 spheres with the core–shell structure were fabri-
cated through thermal decomposition. The formation of the
core–shell structure was explained in terms of heterogeneous
contraction caused by the non-equilibrium heat-treatment process:
(i) the oxide shell is first formed on the surface of the carbonate
core due to a temperature gradient during heating; and (ii) when
the temperature reaches a target value and becomes constant,
the inner carbonate core starts to transform into the oxide,
resulting in a core–shell oxide microsphere. Furthermore, Shen
et al. developed a strategy for the synthesis of NiCo2O4 hollow
spheres with complex interior structures.97 The spinel-type
transition metal oxides were prepared by a two-step process:
in the first step, uniform nickel–cobalt glycerate spheres used
as the precursor were prepared by a solvothermal method, and
then, the resulting solid spheres were converted to NiCo2O4
Fig. 3 Controlled synthesis of (a) cubic and (b) tetragonal spinel Co3xMnxO4 through a two-step process involving oxidation precipitation and
crystallisation. Reprinted with permission from ref. 89. Macmillan Publishers Ltd.
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‘‘core-in-double shell’’ hollow spheres by a non-equilibrium
heat-treatment process (Fig. 4k and l).
3. Porous spinel-type transition metal
oxides for energy storage applications
Global demand for energy storage technology is expected to grow
rapidly due to increasing concerns about replacing fossil fuels
with renewable energy use. In this respect, the role of ESSs is
becoming more crucial than ever. To build advanced ESSs, it is
essential to develop advanced materials, because energy storage
capability is highly dependent on material characteristics.16,99
From the viewpoint of materials, porous ternary spinel-type
transition metal oxides (AxB3xO4) have attracted considerable
attention as promising energy storage materials, which are
applicable for metal–air batteries, lithium-ion batteries, and
supercapacitors. Such systems show great promise in terms of
energy densities and power densities amongst the commercially
available ESSs.99,100 Recent approaches to further enhancing the
electrochemical performance of those systems are encouraged by
the development of nanostructured materials, which will be the
most important key to success for developing advanced ESSs.101
3.1. Metal–air batteries (MABs)
Recently, concerns about energy and environmental issues have
triggered extensive research and development activities on
battery-powered electric vehicles (EVs). It is generally agreed
that, to compete with gasoline automobiles, EVs should have
driving ranges of 4500 km, which requires batteries with an
energy density of 4500 W h kg1.102,103 The performance of
today’s batteries, such as lithium-ion batteries (LIBs), is still far
behind the requirements for long-range EVs, however. The
metal–air battery (MAB) is an advanced energy storage technol-
ogy for EVs that has the potential to surpass LIBs in terms of
energy density.102–109 Basically, this battery consists of (i) a
metal anode (Li, Zn, Al, Mg, etc.), (ii) an air-breathing cathode,
and (iii) an ion-conducting electrolyte sandwiched between
the two electrodes, as shown in Fig. 5a. During discharge,
the battery generates electricity via an oxidation reaction of the
metal anode and a reduction reaction of oxygen (O2) on the
cathode. The reverse reactions, i.e., metal reduction and oxygen
evolution, occur upon charge. When considering energy density
and reversibility, Zn–air and Li–air batteries are the major
candidates that can enable long-range EVs: in particular, a
Li–air cell has a theoretical energy density of 11 680 W h kg1,
which is comparable to that of gasoline.104,108
The critical challenges facing MAB technology include low
round-trip efficiency as well as poor rate capability (low power
density) and poor cyclability (Fig. 5b), which are mainly caused
by slow kinetics of the oxygen reduction reaction (ORR) and the
oxygen evolution reaction (OER) on the cathode.104,106,107,109–111
Therefore, various types of catalytic materials have been
incorporated into the cathode to promote the ORR and OER
in aqueous or non-aqueous (organic) electrolytes.111,112 Precious-
metal-based catalysts have been recognised to be excellent
Fig. 4 Examples of nanostructured spinel-type transition metal oxides: (a) CuCo2O4 and (b) NiCo2O4 with ordered mesoporous structures;
91 (c and d)
hierarchical porous Ni0.3Co2.7O4;
92 (e and f) Zn0.95Co2.05O4 hollow polyhedral;
93 (g and h) hollow crossed NiCo2O4 nanocubes;
94 (i and j) Mn1.5Co1.5O4
core–shell microspheres;65 and (k and l) NiCo2O4 core-in-double-shell hollow spheres.
97 Reprinted with permission from Elsevier, The Royal Society of
Chemistry, American Chemical Society, and Wiley.
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candidates;113–115 although it is desirable to exclude those ele-
ments that have low abundance and are quite expensive. In the
search for more affordable catalytic materials, a number of
researchers have devoted their effort to developing metal oxide
catalysts with high activity and to utilising them in MABs.116–126
In particular, spinel-type transition metal oxides have attracted
great attention as catalytic materials for MABs due to their
relatively low cost and high activity. Spinel-type transition metal
oxides based on Co, Mn and/or Ni have been reported to exhibit
strong bi-functionality towards the ORR and OER in aqueous
alkaline electrolytes:11,89,127
ORR–OER: O2 + 2H2O + 4e
 2 4OH (aqueous) (1)
The intrinsic electrocatalytic properties of spinel-type transition
metal oxides are highly dependent upon the composition,
crystal structure, and distribution/oxidation state of the metal
cations.11,89,127 Rios et al. examined the composition–activity
relationship of cubic spinel MnxCo3xO4 (0 r x r 1) towards
the ORR and OER in 1 M KOH.127 They proposed that Mn redox
couples serve as the main catalytic sites for the ORR, and thus,
the ORR activity increases with increasing Mn content (x). On
the other hand, the OER activity becomes lower at higher x
values, partly due to the inhibiting role of Mn in the OH
oxidation. Cheng et al. performed a combined experimental
and theoretical study to understand the structure-dependent
activity of the cubic and tetragonal Co–Mn–O spinels.11 Accord-
ing to their study, the oxygen binding ability of the Co and Mn
defect sites on the surface plays a key role in determining the
catalytic activity of the cubic and tetragonal spinels. The Co
defect site can bind oxygen more strongly than the Mn defect
site. Compared to the tetragonal spinel, therefore, the surface
of the cubic spinel provides more strengthened bonds between
the metal and adsorbed O2 species, which makes the cubic
spinel more active towards the ORR. The lower OER activity of
the cubic spinel can be understood based on the fact that the
OER is the reverse process of the ORR.
In addition to the composition and crystal structure, the
morphological characteristics of the spinel-type transition
metal oxides have a strong impact on their ability to catalyse
the ORR and OER. Great effort has been put into fabricating
porous, nanostructured catalysts with many active sites and
favourable reaction pathways for applications in aqueous
MABs. As an example, Ma et al. reported spinel-type MnCo2O4
catalysts with multiporous structures, which were fabricated via
a solvothermal route.128 The catalysts were composed of nano-
particle aggregates with hollow interiors and mesopores, and
hence, they have a large number of available reaction sites and
facilitate the diffusion of reactants during the ORR and OER. As
a result, the synthesised MnCo2O4 catalysts displayed consider-
able bi-functionality towards the ORR and OER in 0.1 M KOH.
One-dimensional (1D) fibrous catalysts can offer additional
benefits to MAB cathodes, including high surface area-to-
volume ratios, short diffusion lengths in the radial direction,
and low flow resistance through fibre bundles. In this context,
Jung et al. synthesised 1D porous spinel nanofibres (MnCo2O4
and CoMn2O4) using an electrospinning technique combined
with heat-treatment and applied them as cathode catalysts for
aqueous Zn–air batteries (Fig. 6).129 It was found that the 1D
spinel catalysts are able to considerably improve the round-trip
efficiency of Zn–air batteries (i.e., reduce discharge–charge
voltage gaps by B440 mV compared to the catalyst-free carbon
cathode) (Fig. 6b), which is attributed to their high catalytic
activity towards the ORR and OER during discharge and charge,
respectively. Also, Prabu et al. demonstrated that 1D spinel
NiCo2O4 catalysts with hierarchical nanostructures outper-
formed conventional precious metal catalysts in terms of the
voltage gap of the Zn–air battery: 0.84 V (1D NiCo2O4) vs. 1.16 V
(Pt), 1.01 V (Ru), and 0.92 V (Ir).130
The ORR–OER electrochemistry is of crucial importance
in MABs with non-aqueous (organic) electrolytes, especially in
Li–air batteries:111,131–135
ORR: O2 + e
 - O2
 (formation of LiO2 intermediates)
(non-aqueous) (2)
OER: Li2O2 - 2Li
+ + O2 + 2e
 (non-aqueous) (3)
A unique aspect of Li–O2 electrochemistry in non-aqueous
electrolytes is that the discharge and charge processes involve
the formation (ORR) and decomposition (OER) of solid Li2O2
species in the cathode, respectively, which is insoluble and has
electrically insulating bulk properties. The sluggish kinetics of
Li2O2 formation and decomposition severely limits battery
performance.
Spinel-type transition metal oxides have been widely used as
cathode catalysts in an attempt to improve the electrochemical
performance of non-aqueous Li–air batteries. There is, how-
ever, disagreement regarding their catalytic role in promoting
Fig. 5 Schematic diagrams of (a) the operation mechanism of a metal–air
battery (MAB), along with the oxygen reduction reaction on the cathode in
aqueous and non-aqueous electrolytes, and (b) technical problems typically
observed in MABs, including low round-trip efficiency, poor rate-capability,
and poor cyclability.
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the ORR and OER. In some reports,136–139 for instance, Co3O4
appeared to serve as an efficient catalyst to reduce charge
potentials and improve cyclability, whereas in another,140 it is
inactive but acts as a promoter to enhance surface transport of
LixO2 species rather than as a classic electron-transfer catalyst.
To examine the catalytic effect, Zhu et al. carried out first-
principles studies on the Co3O4 surfaces and suggested that the
Co3O4 surface with Lewis acid sites is capable of reducing
charge voltages due to facilitated electron transfer from Li2O2
to the catalytic surface and a reduced O2 desorption barrier.
141
Using a carbon-free, oxide-only cathode, moreover, Lee and his
co-workers have provided clear evidence that Co3O4 and other
spinel-type transition metal oxides have the ability to catalyse
O2 reduction and Li2O2 decomposition in an ether-based
electrolyte.142,143 Given that Li2O2 should be stored within the
cathode, three-dimensional (3D) architectures of the cathode
would play a significant role in determining the electrochemical
performance of non-aqueous Li–air batteries. In addition to
discovering the best catalyst composition with high intrinsic
activity, therefore, much of the focus has been on controlling 3D
catalyst structures. 3D cathode structures must be designed to
have a large number of active sites, high porosity and optimum
pore sizes, and tailored porous structures suitable for mass
transport.144 In fact, properly tailored 3D structured spinel oxide
catalysts, including porous cubes,145,146 rods,147,148 wires,149
fibres,150 flakes,151–153 platelets,146 and spheres,154 have led to
improved battery performance. Zhang et al. synthesised porous
spinel nanocubes from metal–organic frameworks (Fig. 7a).145
The nanocube-like precursors were first prepared by a self-
assembly method and then annealed to make oxides in which
the tetragonal (Co,Mn)(Co,Mn)2O4 and cubic MnCo2O4 spinels
coexist. When incorporated into the cathode of a Li–air battery,
the resulting catalyst increased both the capacity and the round-
trip efficiency (Fig. 7b), which are traced back to the large pore
volume (B0.22 cm3 g1) and the high specific surface area
(B110 m2 g1), as well as the high intrinsic activity of the
Mn- and Co-based spinel.
A recent study by Li et al. showed that, in addition to the
surface area and porosity, controlling the pore sizes of the
catalytic materials is of vital importance for high-performance
Li–air batteries.93 In this study, 3D ordered mesoporous
NiFe2O4 materials with controlled pore sizes (5.0–25.1 nm) were
synthesised using KIT-6 as the hard template. The results
demonstrated improved specific capacity, rate capability, and
cyclability of the Li–air battery with increasing mesopore size of
the catalyst, which could be explained in terms of higher
utilisation of larger mesopores during the ORR and OER. Other
specific examples demonstrating the beneficial role of con-
trolled architectures in non-aqueous Li–air batteries include
mesoporous NiCo2O4 nanoflakes,
151 two-dimensional (2D)
mesoporous ZnCo2O4 nanoflakes,
153 mesoporous spherical
shell-structured Co3O4,
154 and ordered mesoporous NiFe2O4.
155
As briefly discussed above, the spinel-type transition metal
oxide catalysts with controlled porous structures have been
known to show high bi-functional catalytic properties towards
the ORR and OER in both aqueous and non-aqueous electro-
lytes, thereby improving the electrochemical performance
of MABs. While continued effort should go into identifying
highly active spinel catalysts, future research should also be
devoted to developing bi-functional catalysts that can support
Fig. 6 (a) 1D MnCo2O4 (MCO) and CoMn2O4 (CMO) spinel nanofibres
(NFs) fabricated by an electrospinning technique combined with heat-
treatment and (b) galvanostatic discharge–charge curves of the aqueous
Zn–air batteries assembled with various cathodes. Reprinted with permis-
sion from ref. 129. Macmillan Publishers Ltd.
Fig. 7 (a) Porous nanocube catalyst of the mixed tetragonal (Co,Mn)
(Co,Mn)2O4 and cubic MnCo2O4 spinels and (b) the electrochemical
performance of the non-aqueous Li–air batteries with the catalyst-free
and catalyst-containing cathode. Reproduced with permission from
ref. 145. Royal Society of Chemistry.
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stable cycling operation in the highly corrosive environments
of MABs.
3.2. Lithium-ion batteries (LIBs)
Spinel lithium-manganese oxide (LiMn2O4) has been widely
used as a popular cathode material for commercial LIBs owing
to its intrinsic advantages of a high operating potential, low
environmental impact, and low cost. Above all, the high-power
characteristic of LiMn2O4, resulting from its three-dimensional
crystal structure, makes it suitable for high-power applications
such as power tools and electric vehicles. The spinel LiMn2O4
cathode is plagued, however, by the drawback of undesirable
capacity loss during cycling, which is mainly attributed
to: (i) Mn dissolution via a disproportionation reaction
(2Mn3+ - Mn2+ + Mn4+) and (ii) structural transformation
(cubic - tetragonal) induced by Jahn–Teller distortion of
high-spin Mn3+ in the structure.156 To overcome these limita-
tions of spinel LiMn2O4, extensive effort has been devoted to
various structural modifications such as surface coatings,
cation doping, and morphological control. One of the most
effective ways to improve the cycling performance and rate-
capability of spinel LiMn2O4 is morphological modification on
the nanoscale through nanotechnology. Nanostructured spinel
LiMn2O4 has shown a remarkably improved electrochemical
performance in comparison with bulk spinel LiMn2O4.
157–165 In
particular, porous spinel LiMn2O4 nanostructures showed great
promise for further improvement of their electrochemical
performance during long-term use.166 The porous structure
generally offers a large active surface, short diffusion lengths
of charge carriers (i.e., Li+), and sufficient electrolyte pathways,
which are responsible for improving Li+ mobility in the given
structure. In practice, porous spinel LiMn2O4 microspheres,
which are constructed from nanometer-sized primary particles,
exhibited excellent rate capability and long-term stability, with
a specific discharge capacity of 98 mA h g1 and the corres-
ponding capacity retention of 80% for up to 500 cycles, even at
a high current density of 20 C.162 Cheng et al. also reported
porous LiMn2O4 nanorods synthesised by using porous Mn2O3
nanorods as a self-supported template obtained by thermal
decomposition of the manganese oxalate precursor. An initial
discharge capacity of 105 mA h g1 could be delivered at a
current density of 10 C, and a capacity retention of about 90%
was obtained after 500 cycles, as shown in Fig. 8.156 These
results support the argument that porous nanostructures are
favourable for fast Li+ intercalation with good structural stability.
On the other hand, various porous spinel structures have been
proposed as anode materials for LIBs as well. Porous spinel zinc-
cobalt oxide (ZnxCo3xO4) composed of nanosized building blocks
features a morphology-inherited and thermolysis-induced
transformation of heterobimetallic zeolitic imidazolate frame-
works (ZIF) (Fig. 9). It exhibited a higher reversible capacity
(41000 mA h g1) and much better rate capability in comparison
with the bulk spinel structure.93 Hwang et al. also reported the
potential use of mesoporous hollow manganese-cobalt oxide
(MnCo2O4) and cobalt-manganese oxide (CoMn2O4) nanofibres
with spinel structures prepared by an electrospinning method
combined with controlled heat-treatment. Owing to their unique
nanostructures, featuring high porosity and large active surface
area, they offer high Li+ storage capability and rapid Li+ movement
in the structures.66 Similarly, the advantages of porous ZnCo2O4
nanotubes as a promising Li+ storage material also have been
reported by Luo et al.60 The porous nanotubes could promote Li+
transport into the electrode by allowing sufficient channels,
leading to a high rate capability.60 In a continuing effort, CoMn2O4
microspheres assembled from porous nanosheets were proposed
as an anode material for LIBs. The open space between neighbour-
ing nanosheets can ensure sufficient electrolyte pathways as well
as easy diffusion of Li+ in the structure, as shown in Fig. 10. As a
result, this material can achieve good cyclability and high rate
capability.164 Positive effects of the porous spinel structure were
also found in mesoporous lithium titanate (Li4Ti5O12) with a spinel
structure, which showed improved Li+ storage capability and rate
capability because of the mesopores integrated into the material.
According to Haetge et al., mesoporous spinel Li4Ti5O12 thin film
electrodes not only exhibited enhanced highly reversible capacity
at short charging times, but also were able to maintain stable
cycling performance at a current density as high as 64 C.165 As
demonstrated by many research groups, it is advantageous to
Fig. 8 SEM micrographs of the as-prepared (a) MnC2O4 nanorods, (b)
porous Mn2O3 nanorods, and (c) porous spinel LiMn2O4 nanorods. (d)
Low-magnification and (e) high-magnification TEM images of the porous
spinel LiMn2O4 nanorods. (f) HRTEM image and the corresponding FFT
pattern (inset) of a single nanoparticle in the porous nanorods. (g) Dis-
charge capacities of the synthesised porous nanorods, nanorods, and
nanoparticles cycling sequentially from 1 C to 10 C for every 10 cycles at
each discharge rate. Reproduced with permission from ref. 156. Royal
Society of Chemistry.
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form porous spinel nanostructures for improving the electro-
chemical performance by expanding the active surface area and
reducing the dimensions of the materials. Even if the electro-
chemical performance of spinel LiMn2O4 can be effectively
improved by forming porous nanostructures, the problem is its
relatively low electrode density. This technical issue should be
further considered before practical use.
3.3. Supercapacitors (SCs)
SCs are probably one of the most important energy storage
systems, which can be used in various applications requiring
rapid charge/discharge performance within vehicles, cranes,
and elevators for regenerative braking and short-term energy
storage, as well as back-up power.28,166 There are two types
of SCs: electric double-layer capacitors (EDLCs) and pseudo-
capacitors, which are generally classified by their electrode
materials because the electrochemical performance of SCs
could be determined by the electrode materials. In EDLCs,
carbon-based materials, such as activated carbon, mesoporous
carbon, carbon nanotubes, and graphene, are widely used for
non-faradaic double-layer charging reactions of active species.
In contrast, pseudocapacitors can allow redox reactions by
employing additional redox active materials such as conducting
polymers (e.g., polyaniline, polypyrrole, and polythiophene) or
metal oxides (e.g., MnO2, V2O5, and RuO2), leading to a higher
energy density than EDLCs. With these strategies, researchers
are still looking for advanced materials to further improve the
energy density of SCs. Porous spinel nanostructures are also
promising candidates for use in SCs, because transition metals
can be used to construct spinel structures, which generally
have multiple oxidation states, leading to additional pseudo-
capacitance in the SCs.167 Recently, it has been proved that the
striking network-like spinel NiCo2O4 framework simultaneously
provides a 3D continuous electron transport expressway, con-
venient electrolyte penetration–diffusion, and a large electrode–
electrolyte interface.168 As a result, the unique network-like
spinel NiCo2O4 electrode features a SC of 587 F g
1 at a current
density of 2 A g1, and could deliver up to 518 F g1 at the
high current density of 16 A g1. From a similar viewpoint,
Shakir et al. reported hierarchical porous spinel NiCo2O4 nano-
flakes synthesised by a chemical precipitation method, which
showed a high specific capacitance (1270 F g1), and excellent
rate capability and cycling stability.169 Interestingly, Du et al.
proposed NiCo2O4 arrays constructed from interconnected ultra-
thin nanosheets (10 nm) with many interparticle pores. The
porous feature of the NiCo2O4 nanosheets increases the amount
of electroactive sites and facilitates the electrolyte penetration.170
As shown in Fig. 11, hence, the NiCo2O4/carbon fabric (CF)
composite exhibited a high specific capacitance of 2658 F g1
at a current density of 2 A g1 with good rate performance and
superior cycle life.170 It should be noted that the specific
capacitance and rate capability of SCs can be significantly
affected by the physicochemical characteristics of the materials
(e.g., surface area, porosity, and morphology). On the other hand,
the feasibility of porous spinel nanostructures has been exam-
ined in hybrid capacitors composed of a transition metal oxide
cathode and an activated carbon anode for further improved
energy density without a significant power loss. In such systems,
the feasibility of porous spinel LiMn2O4 as a cathode material
has also been examined by many researchers. Unlike the con-
ventional electric double-layer capacitor (EDLC), the porous
Fig. 9 (a) Schematic illustration of the synthesis of hollow spinel
ZnxCo3xO4, (b) TEM image of hollow spinel ZnxCo3xO4, and (c) cycle
performance of the hollow spinel ZnxCo3xO4 anode for lithium ion
batteries. Reproduced with permission from ref. 93. American Chemical
Society.
Fig. 10 Morphological and structural analysis of spinel CoMn2O4 hier-
archical microspheres. (a)–(d) SEM images of the spinel CoMn2O4 hier-
archical microspheres at different magnifications. (e) Schematic illustration
of the diffusion of electrolytes, electrons and Li ions. The electrolyte can
diffuse into the inner part of spinel CoMn2O4 hierarchical mesoporous
microspheres easily from the open space between neighbouring
nanosheets. Hierarchical structure can ensure that every nanosheet con-
tact electrolyte, the pores between CoMn2O4 nanoparticles can ensure
that Li+ and electron diffuse with little resistance. Reproduced with
permission from ref. 164. Macmillan Publishers Ltd.
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spinel LiMn2O4 cathode allows a faradaic reaction based on the
intercalation process of Li+ in the system, which is essential for
improved energy density of the capacitors.171 Considering the
superior rate capability of porous spinel LiMn2O4, it is the most
suitable candidate among the various transition metal oxides.
Furthermore, the presence of a large proportion of mesopores in
the structure is beneficial for facilitating diffusion of charge
carriers within the interior of the carbon framework and hence
for reducing the resistance. Note that a fundamental under-
standing of this presently unique material is essential in order to
determine its key physical and chemical behaviour. This under-
standing might lead to a commercially viable hybrid capacitor
that does not contain any noble metal.172 As we discussed in this
section, porous spinel structures have great potential as energy
storage materials in this research field. The porous structures
have several advantages for boosting electrochemical reactions
by minimizing diffusion distances of active species and accel-
erating the kinetic processes. Furthermore, they provide extra
free space for enhancing the mobility of active species and
alleviating the structural strain. As a result, the electrochemical
performance of spinel structures can be further enhanced.
Therefore, many porous spinel structures have been designed,
and their feasibility has been thoroughly examined for practical
use in various ESSs, owing to their structural superiority.173
4. Concluding remarks and
perspectives
In this perspective, we have summarised the advantages of
mesoporous spinel-type transition metal oxides and their direct
applications as electrodes for various energy storage systems
(ESSs). Nanostructured porous spinel-type transition metal oxi-
des exhibit remarkable energy storage capabilities and sustain-
ability. Understanding the correlation between physicochemical
properties and electrochemical activity of the spinel-type transi-
tion metal oxides is essential for developing a suitable formula-
tion to further improve their energy storage capability. In this
respect, many researchers have explored various potential can-
didates with a spinel structure and developed suitable synthesis
processes to examine their feasibility.
In this perspective, we introduced various synthesis meth-
odologies for the preparation of spinel-type transition metal
oxides with unique nanoarchitectures and discussed their
composition–structure–property relationships determined using
various analytical tools. Specific emphasis was placed on the
following: (i) how the composition and atomic arrangements on
the surface and/or within the bulk as well as morphologies and
porous structures could be tailored by precise control of synthesis
parameters, and (ii) how those physicochemical characteristics
could affect the electrochemical reactions of spinel-type transition
metal oxides used in ESSs, e.g., catalytic oxygen reduction/evolu-
tion, lithium intercalation (lithiation), and pseudocapacitive redox
reaction. As described in this perspective, ultra-high surface area
and good permeability are typical characteristics of porous nano-
structures, directly affecting the electrochemical redox reactions of
energy storage materials. The expanded surface area is responsible
for increasing the density of active sites, and the open space
between internal frameworks allows for fast mobility of charge
carriers. Owing to these benefits, the mesoporous spinel-type
transition metal oxides have shown efficient, and even more stable
electrochemical performance compared with bulk spinel-type tran-
sition metal oxides.
Since the energy storage capability of ESSs is highly depen-
dent on the characteristics of materials (i.e., microstructure,
morphology, and composition), it is necessary to first develop
robust and high-performance materials. In the pursuit of
advanced ESSs, more attention should be paid to the correla-
tion between material design and electrochemical performance
of the materials.174–180 In this respect, the recent progress
presented here in the material design of spinel-type transition
metal oxides with tunable shapes, porosity, sizes, and composi-
tions will provide practical guidelines for building highly reli-
able and high performance energy storage materials.
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